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I. MOTIVATION
Locomotion in unstructured terrain is a significant chal-
lenge to miniature robots operating in an outdoor environ-
ment, often requiring operation in water, air and on the
ground. Multiple modes of locomotion are a common feature
of movement in the animal kingdom, and while this has
received significant recent attention in the robotics commu-
nity [1, 2], natural systems still far outstrip their robotic
counterparts, and remain an excellent source of inspiration
for roboticists.
Animals able to both swim and fly are an excellent
example of achieving mobility across fluid boundaries us-
ing multifunctional locomotory modules. In particular, these
animals adapt their structures and behaviours to address the
changing requirements of movement in air and water. Similar
challenges need to be solved when designing aerial-aquatic
robots, to accommodate the increased structural loads, fluid
inertia and drag encountered underwater, without compro-
mising the weight and lifting area requirements of flight.
Addressing these challenges would allow unique robot op-
eration in a wide variety of environments, such as tidepools,
wetlands or canal systems, enabling autonomous monitoring
of contaminants and ecosystem health (figure 1A). To achieve
this, we are developing a novel robot, called the Aquatic
Micro Air Vehicle (AquaMAV) [3] that is capable of aerial
and aquatic locomotion. The AquaMAV will be able to dive
directly into the water at high speeds to achieve initial depth,
subsequently retaking flight using a high powered burst of
thrust.
AquaMAVs will enable a variety of applications in disaster
relief and oceanography, such as monitoring of coral reefs [4],
or flood response [5]. In unstructured aquatic environments,
isolated bodies of water and obstacles impede the movement
of conventional aquatic vehicles, and prevent close observa-
tion by purely aerial robots. Aerial locomotion allows targets
to be reached rapidly from outside hazardous zones, at speeds
and ranges that cannot be matched by man-portable aquatic
robots. During an emergency scenario such as a stricken ship
or a tsunami event, an AquaMAV could fly and dive into an
isolated area of water, where it could collect samples and
return underwater video. The vehicle could then perform a
short take-off, and return to its launch site to submit collected
samples and data for analysis. This would enable a fast,
targeted response to emergencies that could not be matched
by vehicle that operate in air or water alone.
II. STATE OF THE ART
Aerial-aquatic mobility is starting to be explored in detail
by both the robotics and the biology community. On the
robotics side, it offers unprecedented mission capabilities and
requires innovation in fluid-structure interaction, propulsion
and control as the changing fluid properties can not be read-
ily addressed by current single-mode systems. In Biology,
several groups are investigating aerial-aquatic locomotion in
flying fish, diving birds and flying squid, examining the
behaviours needed to move in both fluids. This section
outlines the state of the art in both fields with the subsequent
section aiming to discuss the cross-disciplinary implications
of the topic.
A. Robotics
Several projects have demonstrated the efficacy of water
sampling with UAVs using larger multirotor platforms [6, 7],
taking samples while hovering near the water surface. This
approach relies on accurate sensing and control to maintain
position while a sample probe is lowered. However, at the
small scale a fixed wing vehicle provides greater range and
speed than hovering vehicles, and the plunge diving approach
reduces the need for accurate control, which allows for
platforms to be produced at lower cost and operated in larger
numbers.
Several large (2-3m wingspan) unmanned seaplanes are
currently in operation [8, 3], and experimental studies have
shown the potential of an aerial-aquatic robot that is propelled
by adaptable flapping wings [9, 10], or able to plunge dive
into water [11]. Other work has demonstrated the efficacy of
jumpgliding locomotion in terrestrial robots [12], and fixed
wing Micro Air Vehicles (MAVs) have been implemented
with terrestrial mobility [13]. Amphibious terrestrial robots
have been implemented in many forms [1, 2], but these robots
are not able to cross large, sheer obstacles, and generally
can only exit the water on gentle inclines, something that
would not inhibit an aerial-aquatic vehicle. To the best of the
author’s knowledge, no AquaMAV has been realised to date.
B. Biology
Animals capable of flying and swimming alternately are
a common feature of the natural world (figure 1C), and this
capability has been studied in detail by biologists. Recent
experiments have examined the take off of jumpgliding fish
and squid [14, 15]. It has been suggested that intermittent
jumpgliding locomotion between air and water may be an
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Fig. 1: Biology and technology for an Aquatic Micro Aerial Vehicle: (A) Mission concept: A swarm of AquaMAVs collect
water samples and monitor a maritime accident. (B) Different stages of an AquaMAV Mission: Dry flight, transition to
swimming, aquatic stage and take off. (C) Aerial-Aquatic animals (from left to right): Gannets plunge diving for food, flying
fish gliding out of water, flying squid executing a jet-propelled takeoff, penguins exploiting surface air layers to reach high
speeds underwater. (D) Demonstration of a launch from beneath the water by a jet propelled prototype.
energy saving strategy for flying squid [16], similar to the
’porpoising’ behaviour seen in penguins and cetaceans [17].
This is difficult to substantiate without a detailed knowledge
of the locomotive power required for leaps out of water
and the aerodynamics of aquatic jumpgliding, and AquaMAV
design and development can offer new insights for biologists
by providing a physical test bed to investigate biomechanical
working principles.
There are many biological hypotheses relevant to aerial
aquatic locomotion that are based on field data, and lack
laboratory verification. For example, accelerometer data on
the impact forces experienced by diving gannets have not
been matched to experimental results on smooth rigid models
[3], suggesting that compliance (gannets posses subcutaneous
facial/clavicular air structures [18]) and the presence of
feathers play a role in mitigating impact forces and drag.
Air trapped by internal and surface structures is though to
play a role in buoyancy control, as compression of trapped
air by water pressure reduces buoyancy [19]. Exploitation of
these effects would be a great asset to an aerial-aquatic robot.
By exploring the use of mechanical facsimiles of biological
systems, we can both develop new robotics technologies and
offer insights into their role in animal locomotion.
III. DISCUSSION OUTLINE
The AquaMAV is novel miniature robot that has yet to
be developed by the community. To facilitate AquaMAV
development, we have identified the key challenges of aerial
aquatic mobility as: (i) The trade off between neutral buoy-
ancy for swimming and low weight for flight, (ii) the ability
to transition to swimming from flight without damage, and
(iii) the provision of sufficient power to transition to flight
from the water surface (figure 1B).
In the proposed talk we will be presenting development
efforts addressing these challenges, focussing on two key
stages of a plunge diving AquaMAV sample return mission:
Diving into the water from flight and leaping into the air
after a dive to transition back to flight. For these processes
we have abstracted four key biological principles into our
robot: Highly collapsible wings and slender nose structures
to enable high speed water impact, passive buoyancy changes
when underwater, and water jet propulsion for impulsive
transition to flight.
The talk will cover design considerations for aquatic
impact, with data from water tank experimentation. We will
examine bioinspired strategies for maximising dive depth
and mitigating impact loads, enabling deep diving for an
AquaMAV. We will also explore the kinematics of an im-
pulsive take-off from the water compared to strategies from
the animal kingdom (flying squid, flying fish [20, 16]),
and the development of a clean reusable water jet thruster
for this purpose. The talk will conclude with initial work
on expansions of AquaMAV capability through buoyancy
control and aquatic propulsion.
We have opted for a plunge dive transition to underwater
locomotion from flight. The strategy of diving directly into
the water reduces the control requirements of a vehicle
attempting to reach a target compared to a floatplane or
hovering vehicle, and is robust to the presence of surface
waves for operation in open water. However, a vehicle
entering the water experiences large impact decelerations,
and can only achieve limited depth due to hydrodynamic
3drag. Mitigating both of these allows for faster deeper dives,
giving the robot a greater range accessible areas, and allowing
greater passive buoyancy control.
In nature, several species of squid are able to initiate
gliding leaps by expelling a pressurised jet of water [16] (fig-
ure 1B). This jet propelled launch is uniquely applicable to
short take-offs by AquaMAVs, as the thrust is independent of
vehicle speed and is produced in both air and water because
it does not rely on external reaction forces. This allows a
vehicle to continue to accelerate when airborne, where drag is
dramatically reduced compared to locomotion in water. Water
jet propulsion is also clean and safe (compared to combustible
rockets), and makes convenient use of the surrounding water.
We have developed a miniature water jet thruster which
ingests water from its surroundings and expels it at high
speeds for an impulsive leap from the water (figure 1D),
allowing the vehicle to transition to fixed wing, propeller
driven flight. The thruster is capable of lifting a vehicle that
is fully immersed in water to flight speed. This allows take
off by a vehicle with minimal buoyancy, which maximises
its dive depth and the ability to move under the water of a
future prototype with aquatic propulsion.
IV. TRAVEL GRANT
The authors would like to apply for a travel grant towards
registration and airfare costs for Rob Siddall (student
author). The author is willing to seek funding elsewhere
in order to attend, but does not currently have any travel
funding.
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